A B S T R A C T
In this study we describe the morphological and genetic analysis of the Drosophila mutant gü rtelchen (gurt). gurt was identified by screening an EMS collection for novel mutations affecting visceral mesoderm development and was named after the distinct belt shaped visceral phenotype. Interestingly, determination of visceral cell identities and subsequent visceral myoblast fusion is not affected in mutant embryos indicating a later defect in visceral development. gurt is in fact a new huckebein (hkb) allele and as such exhibits nearly complete loss of endodermal derived structures. Targeted ablation of the endodermal primordia produces a phenotype that resembles the visceral defects observed in huckebein gü rtelchen (hkb gurt ) mutant embryos.
It was shown previously that visceral mesoderm development requires complex interactions between visceral myoblasts and adjacent tissues. Signals from the neighbouring somatic myoblasts play an important role in cell type determination and are a prerequisite for visceral muscle fusion. Furthermore, the visceral mesoderm is known to influence endodermal migration and midgut epithelium formation. Our analyses of the visceral phenotype of hkb gurt mutant embryos reveal that the adjacent endoderm plays a critical role in derived from cells at the posterior end of the mesoderm anlage (Campos-Ortega and Hartenstein, 1985; Azpiazu and Frasch, 1993; Bate, 1993; Georgias et al., 1997; Kusch and Reuter, 1999; Klapper et al., 2002) . The midgut endoderm originates from two spatially separated primordia, the anterior midgut primordia (AMG) derived from the anterior ventral part of the embryo and the posterior primordia (PMG) stemming from the posterior pole of the embryo (Poulson, 1950) . Initially, both primordia consist of epithelial cells but undergo an epithelial to mesenchymal transition by stage 10. Subsequently, during stage 11 these endodermal primordia start to migrate, with the AMG moving in posterior and the PMG in anterior direction. The migrating endodermal cells send out processes towards the visceral mesoderm that serves as a track. The visceral mesoderm is positioned in a bilateral manner in the embryo, which results in the leading edges of the AMG and PMG being split into two arms. At the time of germ band retraction at stage 12 the AMG and PMG meet and fuse. During this process migrating endodermal cells that contact the visceral mesoderm undergo a mesenchymal to epithelial transition, which results in the formation of an epithelial column of cells. Thus, by stage 13 epithelial cells of the endoderm form two longitudinal plates flanking the central yolk. After their dorso-ventral expansion these endodermal plates form an enclosed tube by stage 15 (Campos-Ortega and Hartenstein, 1985; Reuter et al., 1993; Tepass and Hartenstein, 1994; Martin-Bermudo et al., 1999) . Visceral mesoderm formation starts with the segregation of eleven bagpipe (bap) and binou (bin) expressing cell clusters along the inner germ band (Azpiazu and Frasch, 1993; Zaffran et al., 2001) . The coordinated interaction between these visceral mesoderm determination factors leads to the establishment of visceral cell rows flanking the central yolk on each side of the embryo. After visceral myoblast fusion these rows stretch out in dorso-ventral direction, achieve a web shaped organization and surround the midgut endoderm during a final elongation process. The visceral muscles subsequently start to constrict the midgut which is finally subdivided into four chambers (Poulson, 1950; Campos-Ortega and Hartenstein, 1985; Reuter and Scott, 1990; Schrö ter et al., 2006) . Analogous to the somatic mesoderm the visceral myoblasts are composed of two cell types: founder cells (FCs) and fusion competent myoblasts (FCMs) . Whereas FCMs of the trunk mesoderm are able to fuse with either circular or longitudinal FCs, the FCs of the trunk mesoderm exclusively give rise to circular midgut muscles. Beneath this, circular FCs are able to seed information for further visceral development and are capable of differentiating even in the absence of myoblast fusion (San Martin et al., 2001; Klapper et al., 2002) . Determination of visceral founder cells relies on the recently identified extracellular signalling molecule Jelly belly (Jeb), which is secreted from somatic muscle precursor cells. Jeb activates the Anaplastic Lymphoma Kinase (ALK) in adjacent visceral myoblasts which become FCs through a downstream signal transduction pathway (Weiss et al., 2001; Englund et al., 2003; Lee et al., 2003; Loren et al., 2003; Stute et al., 2004) .
In addition to the interaction of somatic and visceral mesoderm, it was shown previously that the interaction between mesoderm and endoderm is responsible for epithelium formation in the midgut, with the visceral cells serving as a basal substratum for endodermal cells. Moreover, close contact between visceral mesoderm and endodermal cells seems to be important for midgut epithelium formation (Azpiazu and Frasch, 1993; Reuter et al., 1993; Tepass and Hartenstein, 1994) and also for later midgut differentiation during metamorphosis. Recent analysis of mutants for the visceral expressed transcription factor hand exhibit extreme increase of the peritrophic membrane that is dislocated external to the adult gut instead of located within (Lo et al., 2007) .
In this study, we examine the influence of the endoderm on the process of visceral muscle formation, fusion and further visceral differentiation through the analysis of the Drosophila mutant gü rtelchen (gurt). We observe that neither fusion of circular nor longitudinal visceral muscles is affected by the complete loss of the neighbouring endoderm in gurt, which turns out to be a new allele of the huckebein (hkb) gene. In order to analyse the interaction between mesoderm and endoderm in more detail we have performed ablation experiments to generate embryos which lack the visceral mesoderm, or vice versa, the underlying endoderm. Although the absence of visceral mesoderm clearly affects endodermal development, the loss of endodermal primordia does not affect visceral mesoderm formation but causes strong defects during later visceral muscle development. Specification of early visceral cell types and subsequent muscle fusion events are not affected in huckebein gü rtelchen (hkb gurt ) mutant embryos suggesting that contact between visceral mesoderm and endoderm is not required per se for the specification of visceral muscle cell types and subsequent fusion events. However, this interaction is required for further developmental steps, such as the elongation of circular muscles, which is completely blocked in mutant embryos. We observed initial stretching events in the circular muscles of hkb gurt mutant embryos indicating that this process is regulated differently from later myotube outgrowth and elongation. We suggest that a temporal coordination of the interaction between visceral muscle and endoderm is necessary to achieve proper elongation and outgrowth of visceral muscles, which is required for subsequent formation of a functional gut.
Results

gü rtelchen (gurt) mutant embryos display a belt shaped visceral musculature
Previous screening of an EMS collection for visceral defects (Stute et al., 2004) uncovered several independent mutations which were divided into four groups (G1-G4). In this manner we identified the allele 3B1-038 as a member of the third group (G3), which is characterized by a visceral phenotype that becomes most obvious in FASIII stainings of stage 15 and 16 embryos. Instead of a wild-type four chambered midgut which is covered by a thin muscular network (Fig. 1A) , 3B1-038 embryos display two chunky and belt shaped strands of visceral muscles that flank the central yolk mass (Fig. 1B) . Relating to size and location these strands resemble visceral bands observed in wild-type embryos of stage 13/14 ( Fig. 6A and D) , but appear highly disorganized and patchy upon closer examination ( Fig. 6B and E) . In contrast to the prominent visceral phenotype, only minor irregularities can be detected in the somatic muscle pattern of 3B1-038 mutant embryos (Fig. 1F) . We observed that in some embryos single muscles were missing whereas other embryos displayed proper muscle pattern but exhibited narrow myotubes and some defects in the dorsal vessel.
Further results obtained from genomic mapping and from stainings of transheterozygous embryos indicated the presence of a second site mutation in 3B1-038 that also causes a visceral muscle phenotype (see Section 4). We therefore separated the two mutations by meiotic recombination resulting in two independent mutations that both affect visceral development. We obtained two uncoupled lines from the first mutation that failed to complement each other and displayed the belt shaped visceral mesoderm we had observed in 3B1-038 (compare Fig. 1B to C) . According to this characteristic visceral phenotype we named this mutation gü rtelchen (gurt). gurt fails to complement 3B1-038 but is able to complement the second visceral mutation. Interestingly, gurt mutant embryos resemble the visceral phenotype observed in 3B1-038 mutants but display a well developed somatic muscle pattern indicating that gurt is not involved in somatic myogenesis (compare Fig. 1F to G). To avoid any influence of the second mutation on visceral development in 3B1-038 mutant embryos only uncoupled gü rtelchen (gurt) lines were used for further morphological analyses. In conclusion, gurt is a novel allele of the transcription factor huckebein (hkb) that displays a strong visceral phenotype (Fig. 1C and D, see below) , thus implying an important role for the endoderm in visceral development.
2.2.
Visceral cell identities are specified correctly in gurt mutant embryos
To investigate whether the observed phenotype in gurt mutant embryos is based on defects in visceral cell type determination we analysed visceral morphology of stage 10, 10/11 and 11 gurt mutant embryos (Fig. 2) employing antibodies to the receptor tyrosine kinase ALK. ALK is located on the cell surface of all visceral myoblasts and can therefore be used to follow early visceral mesoderm formation and moreover to distinguish between columnar FCs and globular FCMs Lee et al., 2003; Loren et al., 2003; Stute et al., 2004) . ALK is expressed throughout all visceral cell clusters of wild-type and gurt mutant embryos ( Fig. 2A and B) indicating proper mesoderm formation. Each cluster consists of an arch of columnar cells ( Fig. 2A and B ; arrowheads) that confines a group of more roundish cells ( Fig. 2A and B ; arrows), suggesting that the initial cell type differentiation of visceral FCs and FCMs proceeds correctly.
In order to analyse the determination of visceral cell identities in more detail we took advantage of their differential gene expression by tracing visceral cell fates with antibodies to the FCM specific protein WIP/Verprolin1 also known as Solitary (Sltr) and the enhancer trap line rP298 which exhibits lacZ expression in all muscle founder cells (Nose et al., 1998; Kim et al., 2007; Massarwa et al., 2007; Berger et al., 2008) . At stage 10/11 visceral myoblasts of wild-type and gurt mutant embryos start to rearrange and form a continuous band of muscle cells connecting the previously separated clusters (Azpiazu and Frasch, 1993; Bate, 1993) . WIP/Verprolin1/Sltr (WIP) is exclusively expressed in FCMs of both the somatic and visceral musculature. Comparing the expression pattern of WIP in stage 10/11 wild-type and gurt embryos ( Fig. 2C and D) we detected no differences in somatic and visceral muscle tissues indicating proper cell type determination of FCMs.
Visceral bands can also be identified by their FASIII expression (Patel et al., 1987; Bate, 1993) which is differentially expressed in FCs and FCMs. gurt mutant embryos display stronger FASIII expression in the columnar FCs (Fig. 2F , arrowhead) as compared with the dorsal patches of globular FCMs (Fig. 2F, arrow) corresponding entirely to the wild-type situa- tion (Fig. 2E) . Moreover, rP298-lacZ expression can be detected solely in columnar shaped visceral myoblasts ( Fig. 2E and F) of both wild-type and gurt mutant embryos implying proper FC determination and differentiation, again suggesting that the visceral defects observed in gurt mutant embryos are not the result of an abnormal visceral cell type determination.
Endodermal development is disrupted in gurt mutants
As mentioned before, gurt mutant embryos display normal somatic muscle development and show proper specification of FCs and FCMs. This raises the question whether the phenotype observed in gurt mutant embryos is induced by a mutation in a muscle specific gene or is the result of an influence from non-muscle tissues.
FASIII stainings indicate that epidermal morphology as well as hindgut development is unaffected in gurt mutant embryos (Fig. 1C) , although severe foregut defects are visible. For further analyses we used antibodies to Fasciclin II (FASII) which is expressed in the central nervous system (CNS), the embryonic midgut (AMG and PMG) and in the developing malpighian tubules (MT) besides other tissues (Grenningloh et al., 1991) . Comparing FASII expression patterns in wild-type and gurt mutant embryos (Fig. 3A-D) we detected FASII in the CNS of stage 10/11 gurt embryos ( Fig. 3B and D) , but not in the anterior midgut anlage (AMG). Reduced levels of expression in the region of the posterior midgut primordium (PMG) were also observed. Later on, FASII-positive cells were not detected covering the central located yolk of gurt mutant embryos ( Fig. 3D ) whereas in wild-type embryos numerous FASII-positive cells have spread out in the longitudinal and transversal direction (Fig. 3C) . Moreover, malpighian tubules of gurt mutant embryos ( Fig. 3D , arrows; compare with wildtype in C) fail to develop properly and finally form a sac-like structure that also seems to include the remnants of the posterior midgut rudiment.
In order to analyse endoderm morphology in more detail and to examine the transitions between mesenchymal and epithelial cell morphology during midgut development we employed lacZ expression driven by 48Y-Gal4 ( Fig. 3E-H ). At stage 10-11 48Y-Gal4>lacZ is expressed in both midgut primordia as well as in epidermal patches along the anterior-posterior axis of wild-type embryos. Moreover, lacZ expression can be detected in longitudinal visceral precursor cells as well as in the clypeolabrum and around the stomodeal invagination site ( Fig. 3E ; Martin-Bermudo et al., 1997 . After germ band retraction ( Fig. 3G ), lacZ expression seems to be generally increased but remains most prominent in the developing midgut where it labels globular mesenchymal cells at the border of endoderm migration as well as already differentiated columnar epithelial cells. When comparing the wild-type expression pattern to that of gurt mutant embryos ( Fig. 3F and H) we observed major changes. The number of lacZ-positive cells is increased in the embryonic head region of stage 10/11 gurt mutant embryos (Fig. 3F ), whereas lacZ expression in the midgut primordia is severely diminished which might be caused by the loss of these anlagen. Moreover, lacZ-positive cells observed in mutant embryos appear scattered and fail to arrange in their designated positions. This scattered appearance is maintained during later stages where we also observed the loss of most endodermal lacZ expression (Fig. 3H) . Interestingly, lacZ expression in the migrating longitudinal visceral FCs seems unaffected which is in agreement with our hypothesis of a non-muscular influence on visceral differentiation in gurt mutant embryos. 
2.4.
The phenotype in gü rtelchen is caused by a mutation in the huckebein gene Given the abnormal midgut development observed in gurt mutant embryos ( Fig. 3F and H) we carried out morphological and complementation analyses between gurt and fly stocks mutant for genes essential for midgut morphogenesis (Fig. 5 , complementation data not shown). Among those genes huckebein (hkb) was the only one that failed to complement gurt. The original allele 3B1-038, gurt (Figs. 1B, C and 6B) and hkb 2 mutant embryos as well as transheterozygous hkb 2 / 3B1-038 (not shown) and gurt/hkb 2 embryos (Fig. 1D ) display a similar distinctive visceral phenotype. To support our assumption that gurt is a novel huckebein allele we sequenced the huckebein coding region in hkb 2 and gurt mutants. We could confirm the previously described molecular identity of hkb 2 which creates a protein null allele (De Iaco et al., 2006, see Section 4), and were able to identify a G to A transition at position 707 of the huckebein coding sequence in gurt mutants, changing amino acid 236 from arginine to histidine. The resulting amino acid alteration is located in the second of the three predicted C2H2-type zinc-finger motives (Brö nner et al., 1994) and might therefore impair DNA binding of the transcription factor HKB. The amino acid exchange in this region most probably results in a non-functional aberrant Hkbprotein in gurt mutant embryos. Taken together, our results reveal that gurt is in fact a novel allele of the transcription factor huckebein and is henceforth referred to as hkb gurt .
2.5.
Ablation with ectopic expression of UAS-Ricin severely affects development of either the neighbouring visceral mesoderm or endoderm Given the findings described above we wanted to test whether a connection exists between the loss of endodermal tissue and the changes observed in the visceral morphology of hkb gurt embryos. Therefore, we decided to analyse directly the interaction of endoderm and visceral mesoderm, using cell ablation induced by the Gal4/UAS-System (Brand and Perrimon, 1993) and subsequent morphological analyses of manipulated embryos lacking different parts of the digestive system. It is known that the endoderm is dependent on the visceral mesoderm at multiple levels. In addition to substantial migration, the endoderm also undergoes a mesenchymal-epithelial transition, during which the cells undergo a profound change in their shape and spatial arrangement to become a polarized epithelium. This transition requires interactions between the endoderm and the adjacent visceral mesoderm. Thus, in mutants completely lacking visceral mesoderm, the midgut epithelium does not form, while in mutants with reduced visceral mesoderm or where the endoderm is spatially separated from the visceral mesoderm (such as tinman) only those endodermal cells that directly contact the visceral mesoderm form an epithelium (Azpiazu and Frasch, 1993; Reuter et al., 1993; Tepass and Hartenstein, 1994) . However, we wished to examine to what extent the visceral muscle is dependent on the presence of the endoderm. In order to address this question we utilized the Ricin toxin as a UAS transgene (Hidalgo et al., 1995) to ablate either the endoderm (miple2-Gal4, Supplementary Fig. 1 ) or the visceral mesoderm (bap-Gal4) (Fig. 4) . In confirmation of previous studies we found that the migration of the endoderm was only able to proceed in the presence of the visceral mesoderm (Fig. 4B) . Interestingly, in the reciprocal experiment, ablation of the endoderm employing the miple2-Gal4 driver (Fig. 4D-H) with UAS-Ricin resulted in rather delayed disruption of the visceral muscles. The first indications of problems could be observed at stage 13/14, when the visceral muscle appears as a 'wavy' line, rather than the taught and organized band seen in wild-type embryos (compare Fig. 4E, F with A) . Careful examination reveals that the visceral mesoderm attempts to migrate dorsally and ventrally to form an enclosed gut tube, but this is never achieved (Fig. 4G and H) . Instead, the visceral muscle sends out processes in an attempt to stretch out and join the bilateral arms of the visceral muscle to form the gut tube. Thus, ectopic expression of UAS-Ricin in the endoderm severely affects development of the neighbouring visceral mesoderm. Therefore, we conclude that the endoderm and visceral muscle share a tightly linked fate and are highly dependent on each others presence for appropriate development during the later stages of gut formation.
2.6.
Visceral muscle morphology of mutations affecting endodermal or ectodermal derived gut structures Our investigations of the visceral mesoderm of hkb gurt embryos together with the results obtained from the ablation experiments reveal a significant endodermal influence on visceral myogenesis. To achieve further insight into the interactions between gut forming tissues we analysed visceral muscle development in the context of defective endoderm formation. Before gastrulation hkb activity is proposed to separate endodermal precursors from mesodermal tissue at the terminal regions of the embryo. Hence, endodermal tissues are missing in hkb mutant embryos (Weigel et al., 1990a; Brö nner et al., 1994; Reuter and Leptin, 1994 ) and the visceral morphology of hkb 2 and hkb gurt mutant embryos ( Fig. 5A and B compare to wild-type in Fig. 1A ) exhibits severe defects during visceral outgrowth and myotube elongation. Another function of hkb is the activation of serpent (srp) which is required for proper midgut development (Reuter, 1994; Rehorn et al., 1996) . Although srp 9L embryos are mainly characterized by a strong germ band retraction phenotype we clearly observed visceral bands that failed to grow out and elongate properly (Fig. 5E ). Beyond this, we analysed the visceral mesoderm of fork head (fkh) mutant embryos. fkh is considered to interact with srp during endoderm formation (Reuter, 1994) but plays a more general role affecting development of other parts of the gut as well (Jü rgens and Weigel, 1988; Weigel et al., , 1990b Reuter, 1994; Kusch and Reuter, 1999) . In agreement with this, fkh 6 mutant embryos exhibit a distinct visceral morphology that resembles most aspects of the phenotype observed in hkb and srp mutant embryos and moreover display an impaired hindgut development (Fig. 5D ).
In addition, we addressed the question whether formation of ectodermal derived gut structures may also affect visceral development by analysing the visceral morphology of tailless (tll) and brachyenteron (byn) mutant embryos ( Fig. 5C and F) . Whereas posterior tll activity has little effect on midgut development it is required for proper hindgut formation and further activation of byn which plays a key role during hindgut development (Strecker et al., 1986; Pignoni et al., 1990; Kispert et al., 1994; Singer et al., 1996) . In byn deficient (byn Df) and tll 1 mutant embryos at stage 15/16 a single midgut chamber is always formed and encircled by a thin sheet of visceral muscles. However, visceral constriction formation and hindgut development is incomplete in byn Df and nearly absent in tll 1 mutant embryos ( Fig. 5C and F) .
Taken together, our observations indicate that defective development of ectodermal derived interior structures such as the hindgut might have an influence on midgut constriction formation, whereas the loss of endodermal midgut tissues results in stretching and outgrowth defects in the adjacent visceral muscles.
2.7.
Circular and longitudinal visceral myoblast fusion seems to be unaffected in mutant embryos lacking midgut endoderm
The defective endodermal differentiation observed in hkb gurt mutant embryos allows us to study the influence of this tissue on the process of visceral muscle formation. Our findings already imply that hkb function is not needed for cell type determination among visceral myoblasts (Fig. 2) , which appears to depend primarily on jeb and ALK function ( et al., 2002) . According to this, morphological analysis of wildtype embryos at stage 13/14 exhibits two visceral bands of fused muscles on each side of the central yolk (Fig. 6A ). At this time the visceral bands expand after initial stretching which results in a dorso-ventral orientation and a highly regular pattern of circular myotubes (Fig. 6D) . Initial visceral stretching in hkb gurt mutant embryos can be observed (Fig. 6B) although the visceral bands of these embryos appear densely packed and contain many myotubes with a slightly angular orientation (Fig. 6E) . Our observation that the subsequent elongation of circular myotubes is not achieved in hkb gurt mutant embryos clearly separates the process of initial myotube stretching from the following outgrowth and elongation.
To estimate the level of unfused myoblasts we analysed the visceral musculature of stage 15 bap-lacZ embryos which exhibit a single midgut chamber that is completely covered by a sheet of dorso-ventrally stretched circular visceral muscles (Fig. 6G) . Although a midgut chamber is never formed in hkb gurt mutant embryos no unfused bap-lacZ-positive myoblasts can be detected outside the visceral strands (Fig. 6H) indicating that circular muscle fusion is not affected in hkb gurt mutant embryos. Moreover, we found no sign of FASIII-positive unfused myoblasts in hkb gurt mutant embryos as we would expect if there is any visceral fusion phenotype (Klapper et al., 2002) . As an additional control we analysed visceral development in fusion defective mbc C1 embryos ( Fig. 6C and   F ). Early visceral bands of mbc C1 mutant embryos display an abnormal morphology and are often interrupted by gaps, whereas older mbc C1 mutant embryos exhibit a visceral mesoderm that has spread over a single unconstricted midgut chamber (Erickson et al., 1997; San Martin et al., 2001; Klapper et al., 2002) . Beyond this, we observed decelerated and irregular stretching of visceral cells and an angular orientation of some myoblasts in stage 13/14 mbc C1 mutant embryos as well as additional myotube outgrowth which results in the formation of one midgut chamber encircled by a disrupted web of visceral muscles (data not shown). Analysing bap-lacZ expression in mbc C1 mutant embryos we detected numerous lacZ-positive myoblasts located outside of the fragmentary visceral mesoderm covering the midgut chamber of stage 15 mutant embryos (Fig. 6I ). After fusion of circular muscles, the remaining visceral FCMs are proposed to fuse with the longitudinal muscle precursors that migrate anteriorly by using the circular visceral muscles as a track (Georgias et al., 1997; Kusch and Reuter, 1999; San Martin et al., 2001; Klapper et al., 2002) . We wished to examine whether the reduction of circular myotube outgrowth observed in hkb gurt affects longitudinal precursor migration and thereby probably longitudinal myoblast fusion, by tracing longitudinal muscle development with crocodile-lacZ (croc-lacZ) reporter and 48Y-Gal4 driven lacZ expression ( Fig. 6J-N  0 ) . croc-lacZ expression indicates that determination of the longitudinal muscle primordium at the posterior end of the mesoderm occurs normally in hkb gurt mutant embryos and their control siblings ( Fig. 6J and K). During later stages the migration of longitudinal muscle cells that are closely attached to the circular myotubes can be observed in control siblings (Fig. 6L ) as well as in hkb gurt mutant embryos (Fig. 6M ) which indicates proper attachment as well as myoblast fusion and migration of longitudinal muscles. Further longitudinal muscle fusion ap- Fig. 6N and N 0 ). Given that neither circular nor longitudinal muscle fusion is obviously affected in hkb gurt mutant embryos the influence of endodermal tissues on visceral development seems to be limited to the process of late muscle differentiation events such as myotube stretching and outgrowth.
Interaction between the visceral mesoderm and the endoderm
Although the influence of the visceral mesoderm on endoderm development has been extensively studied (Azpiazu and Frasch, 1993; Reuter et al., 1993; Tepass and Hartenstein, 1994) we wanted to analyse potential interactions of these closely linked tissues from their first contact and moreover examine the importance of visceral muscle cell determination and myotube stretching for midgut formation. We therefore labelled the visceral mesoderm with anti-FASIII (Fig. 7A-D, F and G) and used 48Y-Gal4>UAS-lacZ to visualize endodermal cells as well as longitudinal visceral muscles ( Fig. 7B and C) . Alternatively, endodermal midgut cells were stained with anti-FASII ( Fig. 7E and F) . To visualize the distribution of filamentous actin (F-actin) during endoderm development we employed 48Y-Gal4 driven UAS-Moe.GFP (also referred to as UAS-GMA, Bloor and Kiehart, 2001 ) which expresses the GFP tagged globular Moesin actin-binding domain in the 48Y-Gal4 expression pattern (Fig. 7A, D and G) .
Contact between both tissues occurs during stage 11. While the AMG is already located dorsal to the visceral mesoderm, the PMG can also be observed beyond and between the visceral strands (Fig. 7A, arrows) that consist of an outermost FC-row and the adjacent FCMs (Fig. 7B and C) . Moreover, longitudinal muscle precursors enter both visceral strands and start to migrate along the circular visceral mesoderm (Fig. 7C, arrowheads) . When the endodermal cells have passed the first visceral arch, the PMG starts to split into two arms. Each arm now migrates along the inside of one visceral band staying in close contact with both visceral cell types ( Fig. 7B and C) . During and shortly after visceral myoblast fusion (Fig. 7D ) a close contact is maintained between endodermal cells and visceral myotubes or still unfused visceral FCMs (Fig. 7D, arrows) indicating that visceral cell type identities are neither essential for the initial contact between both tissues nor for the subsequent migration process. We were able to confirm these findings by analysing endoderm development in bap-Gal4>UAS-jeb embryos that exhibit an increase of circular visceral FCs at the expense of visceral FCMs (Fig. 7E , Lee et al., 2003; Stute et al., 2004) . In these embryos the midgut primordial cells are able to contact the visceral mesoderm and show proper migration. In agreement, both ALK (Shirinian et al., 2007) and jeb weli mutant embryos that lack all circular visceral FCs (Fig. 7F ) display normal early endoderm migration. However, later dorso-ventral migration of endodermal cells fails in both jeb and ALK mutant embryos that completely lack the visceral mesoderm in stage 14 (Weiss et al., 2001; Shirinian et al., 2007) . During endoderm migration midgut cells that stay in close contact with the visceral mesoderm adopt a columnar shape and an epithelial organization (Tepass and Hartenstein, 1994) . In these cells we observed an increase of filamentous actin at the contact side towards the visceral mesoderm which indicates the tight connection between both tissues (Fig. 7G, arrow) . The importance of this close contact between endoderm and visceral mesoderm for proper endoderm differentiation has been reported earlier (Reuter et al., 1993; Tepass and Hartenstein, 1994 ), but we now wanted to analyse the contact side in hkb gurt mutant embryos that exhibit the loss of endodermal tissues and severe visceral muscle defects. To achieve this, we analysed the ECM in wild-type and hkb gurt mutant embryos using antibodies to Nidogen (see Section 4). In wild-type embryos a dense layer of ECM is located between the endoderm and the visceral mesoderm which is also covered by distal ECM layers ( Fig. 7H, arrows ; see also Although it is unclear whether the inner ECM layer is missing in hkb gurt mutants or if these patches belong to the distal ECM layers observed in wild-type embryos, their random arrangement reflects the defective dorso-ventral assembly of visceral myotubes observed earlier in hkb gurt mutant embryos (Fig. 6E) .
In order to better understand the interaction between the visceral mesoderm and the endoderm after the anterior-posterior migration of the endodermal primordia (AMG and PMG) has occurred, we employed antibodies against Adducin, a cytoskeletal protein which has previously been shown to be expressed in the endoderm in addition to the mesoderm and the CNS (Zaccai and Lipshitz, 1996) . To visualize the AMPs (adult midgut precursor cells) which have been previously described (Tepass and Hartenstein, 1994) , we used antibodies to the homeodomain protein Prospero, which is expressed in the AMPs (Hirata et al., 1995) . The endodermal epithelium contacts the bilateral arms of the visceral mesoderm, via ECM mediated contacts as visualized with anti-Nidogen antibodies ( Fig. 8A and A 0 , white arrow). At this stage the endoderm cells previously described as PMECs (principle midgut epithelial cells; Tepass and Hartenstein, 1994) have completed the formation of the midgut epithelium (Fig. 8A 0 , yellow arrow).
The LBCs (large basophilic cells) which are morphologically distinguishable from the PMECs are depicted (Fig. 8A 0 , white arrowhead). The apical surface of the endoderm epithelium is decorated by the AMPs (Fig. 8A 0 , yellow arrowhead). On close inspection we observe a ''bridge-like'' structure which connects the bilateral arms of the endoderm (Fig. 8A 0 , asterisk). The location of these cells corresponds to the site of the first midgut constriction at later stages. Distal to the visceral mesoderm we observe a second ECM layer lining the visceral muscle arms (Fig. 8A  0 , red arrow) . In order to more precisely define the position of this ECM layer with respect to the visceral mesoderm we utilized brinker-lacZ (brk-lacZ) reporter gene expression (Campbell and Tomlinson, 1999) , which is expressed in the longitudinal muscles of the visceral mesoderm (Fig. 8B , B 0 , B 0 0 , yellow arrowhead). Interestingly, the second ECM layer lines the longitudinal muscles of the visceral mesoderm (Fig. 8B  0 0 , white arrow). Nidogen also envelops the CNS (Fig. 8C, arrow) as well as the gut compartments (Fig. 8E-F  0 ) . At stage 13/14 the visceral mesoderm stretches (Fig. 8C-C  0 0 ) and the endoderm migrates dorsally and ventrally to form the gut tube. The first ECM layer between the endoderm and the visceral mesoderm has a punctate appearance probably due to the cell shape changes of the endoderm during the dorsal-ventral migration ( At stage 16, after the visceral stretching is complete, a thin layer of visceral muscle is formed and the longitudinal muscle cells are mostly fused and incorporated to the visceral muscle (Fig. 8E) . By stage 17 of embryonic development gut constriction has taken place and the four midgut compartments are formed ( Fig. 8F and F 0 ).
Discussion
Visceral muscle development is dependent on adjacent tissues
During gastrulation the visceral mesoderm comes in close contact with endodermal cell layers of the prospective midgut. This contact is maintained during embryogenesis and finally both tissues arrange to form the larval midgut which consists of an inner epithelial layer surrounded by a web of visceral muscles (Campos-Ortega and Hartenstein, 1985; Reuter et al., 1993; Tepass and Hartenstein, 1994; Schrö ter et al., 2006) . During midgut formation guidance of migrating endodermal cells by the flanking visceral mesoderm is an important step, as is the mesenchymal-epithelial transition of the endodermal cells. Although endoderm differentiation has been extensively studied in various mutants exhibiting defective visceral mesoderm development (Leptin, 1991; Azpiazu and Frasch, 1993; Reuter et al., 1993; Tepass and Hartenstein, 1994; Shirinian et al., 2007) , less has been reported concerning visceral morphogenesis in the absence of the underlying endoderm. With the identification of the visceral mutation gü rtelchen as a novel allele of the endodermal transcription factor huckebein we were able to study these influences in detail. hkb gurt mutant embryos display severe circular muscle outgrowth defects and exhibit a nearly complete loss of both midgut rudiments. In contrast to this observation somatic muscle development, visceral cell type determination, visceral muscle fusion and even initial myotube stretching is unaffected in hkb gurt mutant embryos indicating that an endodermal influence on visceral development is limited to the later process of myotube outgrowth. Moreover, our morphological analysis of tailless and brachyenteron mutant embryos clearly demonstrates that these influences are based on endoderm specification, whereas proper development of ectodermal derived hindgut structures is not needed per se for visceral myotube stretching but probably limits visceral constriction formation. However, due to the accompanying loss of the longitudinal muscle primordia in the analysed mutant embryos it is not possible to access the role of the longitudinal muscles in the process of midgut constriction formation. Morphological analysis of integrin mutant embryos has unveiled the importance of attachment of visceral muscles to the underlying endoderm. Loss of the integrin subunits aPS1 and aPS3 results in delayed endoderm migration whereas the lack of aPS2 leads to irregularities in the visceral mesoderm (Martin-Bermudo et al., 1999) . More striking results were obtained by analysing double mutants of bm and bPS integrins that nearly phenocopy the visceral defects observed in hkb gurt embryos (Yee and Hynes, 1993; Devenport and Brown, 2004) . Since integrins are cellular receptors for molecules of the extracellular matrix (ECM, reviewed in Brown et al., 2000) the interactions between endoderm and visceral mesoderm that lead to myotube outgrowth and elongation require functional molecules and their receptors (Bogaert et al., 1987; reviewed in Brown et al., 1993; Yee and Hynes, 1993) . From the visceral muscle side Dystroglycan is a potential candidate for such a receptor because it provides a direct link to the cytoskeletal rearrangements which probably enable myotube outgrowth and elongation (reviewed in Hynes and Zhao, 2000) .
Influences on visceral myoblast fusion
Prior to the influence of the endoderm on the outgrowth process of visceral myotubes the somatic mesoderm is utilized as an external influence for proper visceral myogenesis. In this case, the ligand Jelly belly (Jeb) is secreted from somatic muscle precursor cells and together with the receptor tyrosine kinase ALK leads to the activation of signalling pathways responsible for visceral founder cell determination. Consequently, mutations in jeb or its cognate receptor ALK exhibit remnants of visceral mesoderm consisting solely of fusion competent myoblasts. These ''default state'' visceral myoblasts are able to contribute partially to somatic muscles and expression of other visceral fusion competent myoblast determination genes appears correct. On the other hand, the fate of all visceral trunk mesoderm cells can be converted to founder cells by the overexpression of Jeb raising an unanswered question of the pool of FCMs for the migrating longitudinal precursors (Weiss et al., 2001; Englund et al., 2003; Lee et al., 2003; Loren et al., 2003; Stute et al., 2004) .
Longitudinal founder cells are derived from the posterior end of the mesoderm and move in front of the posterior midgut primordium. For proper migration both tissues need guidance provided by the visceral bands that arise from the trunk mesoderm. Analyses of crocodile-lacZ and 48Y-Gal4 expression in hkb gurt mutant embryos reveal regular expression patterns indicating that longitudinal muscle migration neither depends on endoderm formation nor a possible template function provided by endodermal cells. Therefore, migration of longitudinal muscle and endodermal cells seems to be completely independent. San Martin et al. (2001) We also observed some stretching of fused circular muscles even in the absence of endoderm formation. Since these processes take place in a regular spatiotemporal pattern the subsequent outgrowth and therefore the enclosure of the midgut by syncytial myotubes is blocked suggesting a main influence from the adjacent endoderm to serve as a substrate for the process of visceral muscle outgrowth (see above). The earlier step of initial myotube stretching occurs during or directly after myoblast fusion (Fig. 6) . Stretching of circular muscles also occurs in the absence of myoblast fusion as suggested by previous studies on fusion mutants that display proper endoderm differentiation (San Martin et al., 2001; Klapper et al., 2002) . If myoblast fusion and endoderm contact can be uncoupled from the initial stretching process this initial stretching seems therefore an inherent capacity of the visceral founder cells itself. This holds true for the analogous stretching process of somatic muscle FCs (Rushton et al., 1995; reviewed in Paululat et al., 1999; Bour et al., 2000; Ruiz-Gomez et al., 2000; Rau et al., 2001 ).
In conclusion, the isolation of hkb gurt in a screen for visceral muscle mutants highlights an important role of the endoderm in the later stages of visceral muscle development. Further experiments should shed light on the mechanisms regulating this process.
Experimental procedures
Fly stocks and egg collection
Standard Drosophila husbandry procedures were followed. Flies were grown under standard conditions and crosses were performed at room temperature or at 25°C. Egg collection was performed on grape juice agar plates.
The following mutations and fly stocks were used in this study: as wild-type stock we used w 1118 or blue balanced sibling embryos for the appropriate immunofluorescent stainings. gü rtelchen (gurt) is one of two visceral mutations we discovered in the allele 3B1-038 of the EMS-collection produced and described earlier by Hummel et al. (1999) . We separated both mutations by meiotic recombination and established two independent stocks for gü rtelchen (gurt) (described here) and a second visceral mutation named knö del (knod). Complementation analyses of gü rtelchen and huckebein (hkb) were accomplished using the null allele hkb 2 which carries a nucleotide substitution in the third position of the start codon (Weigel et al., 1990a; De Iaco et al., 2006) . Other alleles for visceral analyses include the tailless allele tll 1 (Strecker et al., 1986) , the fork head allele fkh 6 (Jü rgens and Weigel, 1988 Stute et al., 2004) and for the analysis of visceral fusion defects we used mbc C1 a null allele of myoblast city (Rushton et al., 1995) . As marker for muscle founder cells we employed rP298 (Nose et al., 1998) , for visceral trunk mesoderm bagpipelacZ (bap-lacZ, Azpiazu and Frasch, 1993; Zaffran et al., 2001) , for longitudinal visceral muscles crocodile-lacZ (croc-lacZ, Hä cker et al., 1995) and brinker-lacZ (brk-lacZ, Campbell and Tomlinson, 1999) were used. Other strains employed in this study were bagpipe-Gal4 (bap-Gal4, Zaffran et al., 2001 ), 48Y-Gal4 (Martin-Bermudo et al., 1997) and miple2-Gal4 as Gal4 driver lines as well as UAS-lacZ (Brand and Perrimon, 1993) , UASMoe.GFP (UAS-GMA, Bloor and Kiehart, 2001) , UAS-jeb (Varshney and Palmer, 2006) and UAS-Ricin A (Hidalgo et al., 1995) . The CyO wg-lacZ, TM3 Sb ftz-lacZ and TM3 Sb Dfd-lacZ balancers were used to determine the genotypes of mutant embryos.
Immunofluorescent stainings and antibodies
Embryos were fixed and immunostained as described previously (Loren et al., 2001; Stute et al., 2004) . The following primary antibodies were used: mouse anti-Adducin (a-ADD, 1B1, 1:20, Developmental Studies Hybridoma Bank, Zaccai and Lipshitz, 1996) , guinea pig anti-Anaplastic Lymphoma Kinase (a-ALK, 1:1.000, Englund et al., 2003) , rabbit anti-b-Galactosidase (a-bGAL, 1:2.500, Cappel), rabbit anti-b3Tubulin (a-b3TUB, 1:3.000, Leiss et al., 1988) , mouse anti-Fasciclin II (a-FASII, 1:10, Grenningloh et al., 1991) , mouse anti-Fasciclin III (a-FAS-III, 1:10, Patel et al., 1987) , rabbit anti-Green Fluorescent Protein (a-GFP, 1:500, abcam), rabbit anti-Nidogen (a-NDG, 1:5.000, see also Antibody production), mouse anti-Prospero (a-PROS, MR1A, 1:5, Developmental Studies Hybridoma Bank, Campbell et al., 1994) and guinea pig anti-WIP/Verprolin1 (a-WIP, 1:1.000, Berger et al., 2008) . We used the following secondary antibodies: goat anti-mouse Cy3 (1:1.000, Jackson), goat anti-mouse Cy3 (1:100, Dianova), goat anti-rabbit Cy2 (1:200, Dianova), goat anti-rabbit Cy3 (1:1.000, Amersham), donkey anti-guinea pig Cy2 (1:100, Jackson) and donkey anti-mouse Cy5 (1:200, Jackson). For signal amplification we used biotinylated secondary antibodies (1:500 pre-absorbed, anti-guinea pig, anti-rabbit and anti-mouse, Vector Laboratories) in combination with the Vectastain ABC Kit Standard (Vector Laboratories) and the TSA Amplification Renaissance Kits Cy3 and Fluorescein (Perkin Elmer). Before visualization, embryos were embedded in Fluoromount-G (Southern Biotech) or cleared in methyl salicylate (Sigma) and embedded in DPX (Sigma) afterwards. Staging of embryos was performed according to Campos-Ortega and Hartenstein (1985) .
Antibody production against Drosophila Nidogen
A bacterial fusion protein containing the region between the second G2 domain up to the fourth EGF repeat of Drosophila Nidogen (NDG) was cloned as a 1162-bp PCR fragment (forward primer: TTCGCCAAGTCGGTGGGT, reverse primer: CAGCGCTGGCTATCCTC) into pMAL-c2 (New England Biolabs). The expressed fusion proteins (90 kDa) were purified on an Amylose-resin column and eluted using Maltose. The purified soluble fusion proteins were injected directly into two rabbits which, after three boosts, were sacrificed. The specificity of the antisera was verified using Df(2R)stan 2 which, among other genes, removes the ndg locus.
